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RF1 or RF2. Here, we present the crystal structures of RF3 complexed with GDP and guanosine 30,50-
(bis)diphosphate (ppGpp) at resolutions of 1.8 and 3.0 Å, respectively. ppGpp is involved in the so-
called ‘‘stringent response’’ of bacteria. ppGpp binds at the same site as GDP, suggesting that GDP
and ppGpp are two alternative physiologically relevant ligands of RF3. We also found that ppGpp
decelerates the recycling of RF1 by RF3. These lines of evidence suggest that RF3 functions both
as a cellular metabolic sensor and as a regulator.
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In response to a stop codon, RF1 and RF2 hydrolyze and release
the completed polypeptide from the peptidyl-tRNA. RF3 catalyzes
the removal of RF1 or RF2, acting in a GTP-dependent manner
[1]. Free RF3 exists almost exclusively in the GDP-bound form. Re-
cently, the X-ray structures of RF3 from Escherichia coli (EcRF3) in
the GDP-bound form and the ribosome-bound EcRF3GDPNP form
have been reported [2–4]. These reports suggest that the binding of
RF3GTP leads to large conformational changes of the ribosome.
However, in the X-ray crystal structure of the RF3GDP complex,
the switch-1 region, which is functionally important and conserved
among G proteins [5], was disordered. Therefore, the details of the
molecular mechanism for the RF1/RF2 recycling catalyzed by RF3
remain unclear.
In cells growing under optimal conditions, the concentrations of
GDP and GTP are much higher than those of bacterial alarmone
guanosine 30,50-(bis)diphosphate (ppGpp). After multiple types of
nutritional stress, however, the concentration of ppGpp increases
signiﬁcantly (i.e., up to 2 mM), becoming more abundant thanchemical Societies. Published by E
go, 3-2-1 Koto, Kamigori-cho,
77.
.GDP and bacterial cells exert stringent control [6]. This so-called
‘‘stringent response’’ is one of the most important adaptations by
which bacteria survive harsh conditions. In addition, recent studies
have demonstrated that ppGpp is present not only in bacteria but
also in plants [7]. It is likely that these concentration shifts affect
the functions of GTP-binding proteins. However, little is known
about the role ppGpp plays as a factor in the stringent response
on the ribosomal termination complex.
In this study, we found that RF3 binds ppGpp as well as GDP and
GTP, and that ppGpp slows translation by selectively targeting RF3
activities. We also report the crystal structures of RF3 from Desulf-
ovibrio vulgaris Miyazaki F (DvRF3) in complex with GDP and
ppGpp, establishing a detailed reaction mechanism for the ﬁnal
stage of translation of mRNA.
2. Materials and methods
2.1. Sample preparation and structure determination
Recombinant RF3 was expressed (Supplementary data), puri-
ﬁed, and crystallized as previously described [8]. The structure of
RF3 in complex with GDP was solved by molecular replacement
using the coordinates of EcRF3 (PDB code 2h5e). The structure of
RF3 in complex with ppGpp was solved using the coordinates oflsevier B.V. All rights reserved.
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are described in the Supplementary data.
2.2. RF1 recycling assay
The release complex (RC) was generated using the PURE system
[9], which was reconstructed from its highly puriﬁed components.
In this experiment, the amount of RC was present in considerable
excess relative to the release factors, such that the release factors
were recycled multiple times until all RC in the assay system were
completely consumed by release of nascent peptides from RC [1].
In the reaction mixture, 80 pmol RC, 2 pmol RF1, 20 pmol RF3
and 2 mM guanine nucleotides (GDP and ppGpp) were used for
the RF1 recycling experiments. Detailed procedures are described
in the Supplementary data.
2.3. Analysis of the nucleotide binding state of DvRF3 under various
conditions
Escherichia coli strain BL21 (DE3) cells transformed with plas-
mids encoding RF3 were grown at 37 C after exponential phase
of growth in M9-casamino acids medium containing isopropyl b-
D-1-thiogalactopyranoside at a ﬁnal concentration of 0.1 mM as
well as antibiotics corresponding to the selection markers on the
expression vectors. The sample preparation was carried out as de-
scribed above.
For gel-shift assays, DvRF3 samples were incubated with nucle-
otides at various concentrations at room temperature for 30 min.
Each reaction mixture was subjected to polyacrylamide gel electro-
phoresis in the native state.
3. Results and discussion
3.1. Puriﬁcation of DvRF3
DvRF3 was prepared from E. coli BL21 (DE3) cells transformed
with the plasmid pUTRF3 [8] and harvested after exponential
phase of growth. After Ni-afﬁnity chromatography, the protein
was separated into two peaks by DEAE chromatography
(Fig. S1A). These two DvRF3 components (Peak-1 and Peak-2)
showed almost identical patterns of absorption spectra and rela-
tive mobility in SDS–PAGE (Fig. S1B), whereas they are distinguish-
able by native PAGE (Fig. S1C). Peak-1 and Peak-2 were revealed to
represent the GDP-bound and ppGpp-bound forms, respectively, as
conﬁrmed by gel-shift assay and the X-ray structure analysis de-
scribed in this study. In the gel-shift assay, Peak-1 without addi-Fig. 1. Comparison of crystal structures of RF3. (A) EcRF3GDP (PDB code: 2h5e), (B) DvRF
in yellow, cyan and green, respectively. Switch 1 and 2 regions are colored in blue andtional nucleotides was at the same position as that with GDP. On
the contrary, Peak-2 was at the same position as that with ppGpp
(Fig. S1C). The mobility in the gel did not change by the addition of
ppApp (an analog of ppGpp).
3.2. Overall structure of DvRF3GDP and DvRF3ppGpp
The structure of DvRF3 in complex with GDP (Peak-1) was
solved at 1.8 Å resolution (Table S1). The polypeptide chain of
DvRF3GDP is folded into three distinct domains (Fig. 1B and S2).
The tertiary structure of DvRF3GDP is strikingly similar to that
of EcRF3GDP (Fig. 1A) with a root mean square deviation (rmsd)
of 1.1 Å. The switch-1 region of EcRF3GDP is disordered, whereas
a part of the corresponding region of DvRF3GDP forms an a-heli-
cal structure, which is not observed in other translational GTPases
in complex with GDP (residues 38–47). The interactions of GDP
with the amino acid residues of RF3 are very similar to those of
EcRF3 (Fig. S3). The structure of DvRF3 (Peak-2) was solved at
3.0 Å resolution (Table S1). The 2Fo-Fc electron density map calcu-
lated using the model of RF3GDP revealed that a residual density
peak extended from the 30-end of the GDP, indicating that ppGpp
rather than GTP is bound at the GDP-binding site (Fig. 2C). The ter-
tiary structures of DvRF3ppGpp and DvRF3GDP are superimpos-
able with an rmsd of 0.65 Å. In the DvRF3ppGpp structure, the
switch-1 region is also well-ordered and contains a longer a helix
than that in DvRF3GDP, which is followed by two short a helices,
probably due to the interaction between Ne of Lys49 and the 30
diphosphate group of ppGpp (Figs. 1B and C and 2B). This diphos-
phate group protrudes from the molecular surface of DvRF3
(Fig. 2D), suggesting that the switch-1 region of DvRF3ppGpp is
less ﬂexible than in DvRF3GDP, which is followed by two short
a helices, probably due to the interaction between Ne of Lys4.
The structure of the switch-1 region in DvRF3ppGpp is quite dif-
ferent from that of ribosomeEcRF3GDPNP [2] (Fig. 1D).
3.3. Gel shift assay of RF3
In all bacteria which possess a prfC gene (encoding RF3), the res-
idue corresponding to Lys49 in DvRF3GDP is predominantly either
lysine or glycine, with lysine more frequently observed (Table S2).
In addition, Ala47 in the switch-1 helix also seems to play a role in
stabilizing this region: alanine and leucine usually stabilize a-heli-
cal structure, whereas proline and glycine tend to destabilize heli-
ces [10,11]. Ala47 and Lys49 of DvRF3 correspond to Gly48 and
Gly50 of EcRF3, respectively. To clarify the functional roles of these
residues, the ppGpp-binding afﬁnity of the variants of K49G and3GDP, (C) DvRF3ppGpp, (D) EcRF3GDPNP. G domain, Domain II and III are shown
red, respectively. GDP, ppGpp and GDPNP are shown as an orange stick model.
Fig. 2. The structures around the nucleotide-binding regions of RF3s. (A) ribosome-bound EcRF3GDPNP (PDB code: 3SFS). (B) DvRF3ppGpp (this study). Nucleotides are
shown as stick models and Mg2+ as a green ball. (C) GDP and ppGpp are superimposed on the (Fo-Fc) map of DvRF3 (Peak-2) contoured at 3r. (D) The electrostatic potential
mapped onto the solvent-accessible surface around the nucleotide binding region of DvRF3ppGpp. The positive and negative charges are shown in blue and red, respectively.
Table 1
The recycling efﬁciencies by RF3 variants and comparison between the ppGpp- and
GDP-binding afﬁnity of each variant.
Recycling efﬁciency* (%) Afﬁnity index**
RF3 89 –
DvRF3 32 2
Dv K49G 46 0.1
Dv A47G 68 1–2
EcRF3 50 0.1
Ec G50K 46 0.2
Ec G48A G50K 56 0.2–0.5
* ‘‘The recycling efﬁciency’’ means activity rate in the presence of ppGpp compared
with the absence of ppGpp.
** ‘‘Afﬁnity index’’ means the ratio of [GDP]/[ppGpp] when GDP- and ppGpp-bound
forms are present in equal amounts.
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by a gel-shift assay (Fig. S4, Table 1). Since the concentration of
GDP is at most 0.2 mM (Table S3) in prokaryotes, 0.2 mM of GDP
was added to all samples except for the control in the following
experiments. When the ppGpp concentration was equal to GDP
(0.2 mM), wild-type protein predominantly existed as
DvRF3ppGpp: in 1 mM ppGpp, it was mostly present as
DvRF3ppGpp. In the case of DvRF3-K49G, however, only half of
the molecules were in the ppGpp-bound form in 2 mM ppGpp.
The binding afﬁnity rate of ppGpp/GDP for DvRF3-K49G was
approximately 20-fold lower than that of the wild-type protein
(approximately equal to that of wild-type EcRF3), whereas that of
DvRF3-A47G was not signiﬁcantly reduced. These results suggest
that the Lys49 of DvRF3 contributes to the high selectivity for
ppGpp rather than GDP (Fig. S4). In case of EcRF3, the G50K mutant
did not exhibit a distinct increase in afﬁnity for ppGpp, but G48A/
G50K showed an increased afﬁnity rate of ppGpp/GDP, even
though this was clearly lower than that of wild-type DvRF3. When
E. coli strain BL21 (DE3) cells transformed with plasmids encoding
each RF3 variant was grown in M9-casamino acids medium and
harvested after exponential phase of growth, however, all of the
RF3 variants described above were revealed to be in the ppGpp-
bound form (Fig. 4A). These results suggest that the intracellular
level of ppGpp under conditions that induce the stringent response
is sufﬁcient to produce the ppGpp-bound form as the major frac-
tion of RF3 molecules (Table S3).3.4. RF1 recycling assay
In the absence of RF3, the efﬁciency of RF1 recycling was not
affected by the presence or the absence of ppGpp (Fig. 4B and
Table 1). On the contrary, recycling was 3.3- and 2.4-fold
accelerated by wild-type EcRF3 and DvRF3, respectively, in the
absence of ppGpp, whereas they were strongly reduced in the
presence of ppGpp. It should be noted that deceleration of
recycling by DvRF3 in the presence of ppGpp was more pronounced
than the deceleration by EcRF3. The RF1 recycling activities of both
DvRF3 and EcRF3 in the absence of ppGpp were slightly altered by
the introduction of mutations in the switch-1 region. On the
contrary, the recycling activities were signiﬁcantly reduced in the
presence of ppGpp for all mutants except for DvRF3-A47G. Though
these simple mutation experiments at corresponding region did
not explain the inhibition efﬁciency by the speciﬁc residues, it is
clear that ppGpp inhibits RF3 activity because the inhibition efﬁ-
ciency was not correlated with the afﬁnity rate of ppGpp/GDP in
this experiment (Fig. 4 and Table 1). Taken together, GDP acceler-
ates the recycling of RF1 under nutrient-rich growth conditions,
whereas ppGpp may decelerate the recycling under stringent
conditions.
According to this hypothesis, the binding of ppGpp to RF3 may
affect the interaction between RF3 and the ribosome. To investi-
gate possible effects on the interaction between ppGpp in RF3
and the sarcin–ricin loop (SRL) region, a model for ribo-
someDvRF3ppGpp complex was generated by superposing
DvRF3ppGpp on the structure of an EcRF3-bound ribosome in
the GDPNP form (PDB code 3SFS). In this model, three domains
of DvRF3 were independently ﬁtted into EcRF3GDPNP (Fig. 3A
and B). In the structure of ribosomeEcRF3GDPNP, A2662 of SRL,
which is important for the activation of translational GTPases by
ribosome does not form a contact with GDPNP or RF3 [12], but
G2663 and G2664 interact with Lys47 and Arg49 (Fig. 3A). In the
model of ribosomeDvRF3ppGpp, the 30 diphosphate group of
ppGpp protrudes from the molecular surface of RF3, and makes a
clash and electrostatic repulsion with the phosphate group of
A2662 in the SRL, suggesting that it interferes with the plausible
direct interaction of RF3 with the SRL (Fig. 3B).
The reduction of RF3-dependent RF1 recycling on the release
complex in the presence of ppGpp may be insigniﬁcant for a single
Fig. 3. Interactions of RF3 with the 70S Ribosome. (A) Structure of ribosomeEcRF3GDPNP. (B) A model of ribosomeDvRF3ppGpp superimposed on the structure of
ribosomeEcRF3GDPNP by a rigid-body docking simulation. SRL main-chain, G2663-G2664 and A2662 are colored in gray, green and magenta, respectively. EcRF3 and DvRF3
are shown as yellow and dark-blue ribbon models, respectively. GDPNP, ppGpp, K47, R49 (EcRF3) and K49 (DvRF3) are shown as a stick model. Nitrogen, oxygen and
phosphate atoms are colored in blue, red and orange, respectively.
Fig. 4. Gel-shift and RF1 recycling assays of RF3 variants. (A) RF3 proteins prepared from the cells harvested after exponential phase of growth were separated by native
PAGE. ‘‘+GDP’’ and ‘‘+ppGpp’’ were pre-incubated with 1 mM of GDP and ppGpp, respectively. (B) RF1 recycling assay in the presence (black) or the absence (gray) of ppGpp
were assayed in vitro. Recycling activity with RF3 in the absence of ppGpp was taken as 100%. Error bars represent standard deviation of four replicates.
3708 K. Kihira et al. / FEBS Letters 586 (2012) 3705–3709release complex (Fig. 4B and Table 1). However, repression of the
RF1 recycling by RF3ppGpp must affect overall ribosome trafﬁc,
and a total amount of the translational products could be signiﬁ-
cantly reduced, since polysomes are formed in the bacterial cells
[13]. It is known that a decrease in the translation rate at one co-
don causes a crowd of downstream ribosome like a trafﬁc jam on
a highway, resulting in a serious decline in the whole translation
rate. These lines of evidence suggest that RF3 functions as a cellularmetabolic sensor and regulator that switches between the active
GDP-bound form and the inactive ppGpp-bound form.
There may be another way to understand the role of ppGpp in
bacteria. As noted above, most bacteria have either glycine or ly-
sine at position 49. The glycine group is mainly composed of enter-
obacteria, whereas deltaproteobacteria, such as Desulfovibrio
species, have a lysine residue (Table S4), suggesting that deltapro-
teobacteria require a lysine residue and strict controls of transla-
K. Kihira et al. / FEBS Letters 586 (2012) 3705–3709 3709tion rate in order to adapt to the environmental changes such as
the stress of nutritional shortage. In addition, there is another pos-
sibility, namely, that bacteria that do not exhibit a large variation
in their intracellular ppGpp concentration (e.g. Desulfovibrio sp.)
are sensitive to ppGpp. According to this hypothesis, ppGpp is
not a special ligand for the stringent response, but a simple
‘‘switching’’ factor that allows bacteria to respond appropriately
to the changes of nutritional condition in deltaproteobacteria.
Since translational Gtpases except RF3 enter into ribosome as a
GTP-bound form, but RF3 as a GDP-bound form, it is conceivable
that RF3 as ppGpp-bound form has a direct inﬂuence on translation
in ribosome. However, it is also reported that IF2 in the GDP-bound
form binds to ribosome and IF2ppGpp has an inﬂuence on initia-
tion step. It is presumed that EF-G and EF-Tu have the same possi-
bility as IF2 [14].
4. PDB accession number
Coordinates and structure factors of DvRF3GDP and
DvRF3ppGpp have been deposited in the Protein Data Bank
(accession number 3VQT, 3VR1).
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